A metal-insulator-metal-insulator stack is shown to have a Fano resonance in the angular domain. The metal/insulator stack consists of two interacting subsystems, a metallic waveguide mode and a surface plasmon mode, coupled by a finite layer metal film. The two modes in close spatial proximity interfere destructively resulting in level repulsion of two metal/insulator stack modes. By adding a coupling prism to momentum match the input EM field, the reflected field exhibits a geometric Fano resonance. Changes to the waveguide insulator permittivity and thickness are shown to tune the geometric Fano resonance. The geometric Fano resonance is also tuned by variations of the exterior insulator permittivity. At a given frequency, the geometric Fano resonance can be tuned to desired lineshape. In addition, this tunability allows for a geometric Fano resonance for any frequency in the visible range. [6] [7] [8] . While the modes in the references are all frequency dependent, Fano interference occurs in other domains. Surface Plasmon Resonance (SPR) can be interpreted as Fano interference between total internal reflection (continuum) and a surface plasmon polariton (discrete state) [9] . The sharp, narrow features of SPR have caused it to be used for many different applications [10] . There are few instances in the literature of Fano interference in the angular domain, aside from SPR. Our group has previously shown mode interference as a function of the angular mode in metal-insulator microspheres, exhibiting a transparency analogous to EIT [11] . Additionally, a double harmonic grating has shown a Fano-like resonance in the angular domain [12] .
The Fano resonance occurs from the interference between a discrete bound state and a broad spectral line or continuum in an atom [1] . An important example of an atomic Fano resonance is Electromagnetically Induced Transparency (EIT) [2] . Fano interference occurs in any system of coupled oscillators, such as classical oscillators [3] , quantum dots [4] , nano-scale optical systems [5] and plasmonics [6] [7] [8] . While the modes in the references are all frequency dependent, Fano interference occurs in other domains. Surface Plasmon Resonance (SPR) can be interpreted as Fano interference between total internal reflection (continuum) and a surface plasmon polariton (discrete state) [9] . The sharp, narrow features of SPR have caused it to be used for many different applications [10] . There are few instances in the literature of Fano interference in the angular domain, aside from SPR. Our group has previously shown mode interference as a function of the angular mode in metal-insulator microspheres, exhibiting a transparency analogous to EIT [11] . Additionally, a double harmonic grating has shown a Fano-like resonance in the angular domain [12] .
In this letter we explore and tune Fano interference between a Surface Plasmon (SP) mode and a metallic waveguide (Metal-Insulator-Metal, MIM) mode [13] in the angular domain at a fixed frequency. The SP mode is analogous to the discrete bound state while the MIM mode is analogous to the broad spectral line for Fano interference. We model a metal-insulator-metal-insulator stack consisting of four layers: a semi-infinite metal, a * Corresponding author: miriamd@uoregon.edu finite thickness waveguide insulator, a finite thickness metal and a semi-infinite exterior insulator. For this Metal/Insulator Stack (MIS), the modes exhibit level repulsion indicative of the Fano interference. A prism is used to momentum match an input EM field, based on the Kretschmann configuration for SPR [14] . The angle of incidence is varied and the reflected light exhibits a Geometric Fano Resonance (GFR). Adjusting the thickness of the waveguide layer tunes the GFR and changes in the permittivity of either insulator will tune the GFR.
The MIS has four layers: a semi-infinite metal with permittivity ǫ m , a waveguide insulator with permittivity ǫ g and thickness t g , a metallic coupling layer with permittivity ǫ m and thickness t c , and a semi-infinite exterior insulator with permittivity ǫ e . This stack can be thought of as having two constituent subsystems coupled by a finite thickness (t c ) metal film. The two subsystems are a SP mode supported on the metal and exterior insulator interface and a MIM mode supported in the waveguide insulator between two metallic layers. The independent SP mode occurs in a two layer metal-insulator stack: a semi-infinite metal with permittivity ǫ m and a semiinfinite insulator with permittivity ǫ e . The independent MIM stack has three layers: A semi-infinite metal ǫ m , an insulator layer with permittivity ǫ g and thickness t g , and a semi-infinite metal layer with permittivity ǫ m .
We consider parameters for the systems that are experimentally viable. We use silver modeled by the Drude model:
, with ǫ b = 5.1, the background permittivity; ω p = 9.1 eV, with ω p the bulk plasmon frequency; and Γ = 0.021 eV, a phenomenological decay term [15] . Silver is used for its optimal excitation of SPs in the visible frequency range. We use Mode dispersions for light in vacuum (k = ω/c, dotted), SP (dash-dotted), MIM (dashed) and MIS (green/purple bands). ωp is the plasmon frequency and kp = ωp/c. MIS structure in inset.
a fit of experimental data for titanium dioxide in rutile form for the waveguide insulator: ǫ g = ǫ T iO2 (ω) [16] . Titanium dioxide has been selected as the waveguide insulator as it can be easily deposited with silver in an ebeam evaporator. The exterior insulator is initially set as vacuum (ǫ e = 1). The large permittivity difference between TiO 2 and vacuum allows for a clear observation of the GFR. We will explore changes to ǫ e and ǫ g later in this letter. The waveguide thickness (t g ) adjusts the MIM modes; higher values of t g will adjust the MIM modes to lower frequencies. An initial thickness t g = 80nm brings the lowest order symmetric MIM mode near λ HeN e = 632.8nm (ω/ω p = 0.2146). The value of t c determines the spatial overlap of the SP and MIM mode. The penetration depth in the visible range for silver is on the order 50nm; a thickness of t c = 70nm is thick enough to support the modes and thin enough for the modes to interfere.
The dispersion relation for each system is calculated using procedures detailed in reference [14] . In Fig 1 we plot two MIS modes with the parameters given above, as well as the independent SP and the lowest order symmetric MIM modes. For convenience, k || , the wave vector parallel to the interface, is chosen to be real and the frequency (ω) is calculated as a complex number. Twice the imaginary part of ω is used as the width of the MIS modes. The MIM and MIS will have multiple modes; we plot only the relevant modes. Any other TM modes occur at different frequencies and any TE modes will be non-interacting with the TM modes. Two MIS modes exhibit level repulsion from the spatial interference between the SP and MIM modes. The level repulsion is indicative of Fano interference [3, 17] .
We use k || = ǫ · (ω/c) · sin θ to plot the effect in the angular domain at a constant frequency. As the coupled region exists below the light line, a glass prism (ǫ p = 2.25) is added opposite the semi-infinite vacuum, based on the Kretschmann configuration for SPR. The Prism-MetalInsulator-Metal-Insulator has five layers; a semi-infinite prism with permittivity ǫ p , a metallic input layer with permittivity ǫ m and thickness t m = 55nm, a waveguide insulator with permittivity ǫ g and thickness t g = 80nm, a metallic coupling layer with permittivity ǫ m and thickness t c = 70nm, and semi-infinite vacuum (ǫ e = 1). A thickness of t m = 55nm is thick enough to support the modes while thin enough to allow energy transfer into the system. For plotting, the SP and MIM systems are also momentum matched with a glass prism and a metallic input layer of thickness 55nm. It is notable that a SP mode will exist at the glass/metal interface. This additional SP mode does not affect the MIS modes in our region of interest. The surface plasmon frequency for glass is lower than for vacuum, making the glass/metal SP mode exist at larger k || . The glass/silver SP mode also has level repulsion with the MIM mode at higher k || (data not shown). This additional avoided crossing is not accessible in the reflection as it occurs below the light line in glass.
Fresnel formulation for multiple interfaces is used to calculate the reflectance and reflectivity of each system and are shown in Figs. 2a and 2b , respectively. The MIS trace exhibits a GFR at the resonance angle of the SPR and approaches the independent MIM line shape away from the resonance indicative of Fano interference. The quadratures of the field show the same trends as atomic [18] and optomechanical [19] Fano resonances. The MIS lineshape follows the MIM lineshape away from the SPR resonance angle and exhibit a resonance at the resonance angle. The quadratures of the MIM mode are not flat away from the resonance as the geometric system picks up additional phase from standard thin film interference. Figure 3a shows the GFR for nine values of t g . We first consider the range of 80-82nm, starting with the initial thickness 80nm. Increasing t g increases the minimum angle for the MIM resonance. As t g increases, the asymmetric resonance continuously changes to a symmetric resonance (EIT-like) around t g = 80.83nm and then to a resonance with a flipped asymmetry. The SPR and MIM resonance share a minimum at 43.48 o degrees for t g = 80.83nm. This effect has been seen in other tunable Fano resonances [20, 21] . It is shown that when one resonance is held fixed and the other is tuned across the fixed resonance, the resonance will undergo a flip of asymmetry. For the higher thicknesses the GFR is clipped at the total internal reflection critical angle and is distorted by the inability of the SP mode to be accessed below θ c . After creation of the MIS stack, these small changes to the waveguide thickness could be tuned thermally or by compression to acquire a desired resonance.
At t g = 84nm, the GFR shows an overall MIM resonance with a SPR-like dip near the SPR minimum. The SPR-like dip has a minimum comparable to the standard SPR despite the EM field travelling through 125nm of metal. It has shown that destructive interference in metal/insulator stacks causes a reduction of the fields in the metallic layers leading to transmission through the metal/insulator stacks [22] . This same destructive interference leads to the GFR in our system. For thicknesses such that MIM modes are inaccessible at λ HeN e , the metallic transparency does not hold and the SP mode is screened by the large thickness of metal. The metallic transparency and screening effects also occur for thicknesses less than 80nm (data not shown). At larger thicknesses of the waveguide, higher order MIM modes interact with the SP mode and exhibit Fano interference. For t g =214nm, the 2nd lowest order MIM mode interacts with the SP mode (top trace in Fig 3) . As the MIM resonance is narrower, the GFR is also narrower. Figure 3b shows the reflection for various values of ǫ g setting t g = 82nm. The red trace in Fig. 3a is ǫ g = ǫ T iO2 = 6.67 with t g = 82nm and is repeated in Fig.  3b as the red trace. Increasing the waveguide permittivity has the same effect as increasing the thickness of the waveguide. Sweeping the MIM resonance across the SPR, the asymmetric resonance continuously changes to a symmetric resonance and then to a resonance with the opposite asymmetry. When the SPR and MIM resonance are well separated, the trace has a SPR-like dip. For permittivities in which the MIM is inaccessible, the trace is akin to a weak SPR dip (not shown). As both the thickness and permittivity will tune the MIM resonance, we can tune the resonance to the SPR for any insulator. Lower permittivities require a larger thickness to observe the GFR for a constant frequency.
For titanium dioxide with t g = 82nm, Figure 3c shows the reflection for various values of the exterior permittivity. This thickness has been chosen as the SPR occurs at a lower angle than the MIM. Increasing the permittivity tunes the SPR to higher angles, sweeping the SPR through the MIM resonance at 54.5
o . As stated for the thickness and permittivity of the waveguide, the GFR continuously changes to symmetric, a flipped asymmetry and then to a MIM with a SPR-like dip. The prism must have ǫ p > ǫ e for energy transfer into the system in the region of interference, higher permittivity prisms could be used for higher exterior permittivities. By changing the exterior insulator to a different material, coarse tuning can be made to the GFR. Fine tuning could be made by varying concentrations; for our presented system, introduction of nitrogen to the vacuum would increase the permittivity.
We have shown three separate variables can tune the GFR in our MIS stack. Using the combination of these, we can tune the GFR for any waveguide or exterior insulator. We can consider the independent SP and MIM modes to understand the effects of each variable. The exterior insulator permittivity directly affects the SP mode. Increasing the ǫ e will decrease the surface plasmon frequency, lowering the SP mode to lower frequencies. The MIM mode is similarly affected by changing its permittivity; increasing ǫ g will bring the MIM mode to lower frequencies. The thickness follows the same trend in which increasing the thickness of the waveguide shifting the MIM mode to lower frequencies. Both the SP and first order symmetric MIM mode will approach the surface plasmon frequency for large k || [13] . As a result, a crossing of the modes only occurs when ǫ g > ǫ e . For permittivities such that ǫ g > ǫ e , the waveguide thickness can be chosen to adjust the MIM mode to cross the SP mode in a large frequency range. The frequency range is limited to frequencies that can excite SP modes for the silver. Silver allows for optical excitation of the SPR in the visible and infrared frequency range allowing for a GFR anywhere in this range.
We have presented a MIS stack that has a tunable geometric Fano resonance in the angular domain. We have shown that by varying the thickness of the waveguide or changing the permittivity of either insulator, the resonance can be tuned at a fixed frequency. By variations of the thickness and insulator permittivities, we can create a GFR in any range at which silver properties hold for SP excitation. As small changes in the waveguide thickness greatly affect the GFR, this could lead to using the system as a thermal sensor. In fact, this system could be applied to many different SPR sensors. The GFR depends on the permittivity of both insulator layers and either insulator could be used as an analyte within a sensor.
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